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Abstract

We present clear experimental evidence showing that the contribution of bound electrons can

dominate the index of refraction of laser created plasmas at soft x-ray wavelengths. We report

anomalous fringe shifts in soft x-ray laser interferograms of Al laser-created plasmas. The com-

parison of measured and simulated interferograms show that this results from the dominant con-

tribution of low charge ions to the index of refraction. This usually neglected bound electron

contribution can affect the propagation of soft x-ray radiation in plasmas and the interferometric

diagnostics of plasmas for many elements.
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The index of refraction is a very important characteristic of a plasma. It affects the prop-

agation of self generated plasma radiation as well as that of the probe beams that are often

used in plasma characterization techniques that include interferometry and refractometry.

In partialy ionized plasmas, two color interferometry is often used to separate the contribu-

tion to the index of refraction of neutral atoms and free electrons [1]. In multiply ionized

laser-created plasmas the index of refraction is usually calculated assuming that the contri-

bution of bound electrons is negligible compared with that of free electrons. For example in

all plasma interferometry experiments to date that used soft-x-ray laser probes, the spatial

distribution of the electron density has been obtained assuming that the index of refraction

is determined by the density of free electrons[2–8].

In this paper we present soft x-ray laser interferometry data obtained with a picosecond

14.7 nm (84.4 eV) laser probe that shows clear evidence of the dominant contribution of

bound electrons to the index of refraction in the late stages of the evolution of an Al plasma

created by a high power laser. The interferograms show that the fringes, late in the plasma

evolution, in the periphery of the plasma and close to the target surface bend toward the

target. In our experiment this direction of the fringe shifts is indicative of an index of

refraction greater than 1 (hereafter referred as negative fringe shifts). In contrast, at earlier

times all the fringes are observed to bend away from the target (positive fringe shifts).

Similar negative fringe shifts were also recently observed in an independently realized Al

laser-created plasma soft x-ray laser interferometry experiment at 13.9 nm, and possible

mechanisms were proposed but not analyzed in detail[9]. Analysis of our data, with the

assistance of hydrodynamic model simulations, indicates that late in the plasma evolution

the contribution of bound electrons dominates the index of refraction, causing the observed

negative fringe shifts in the periphery regions of the plasma. The significance of the result

goes beyond the particular case of aluminum, as this effect can strongly affect the index of

refraction of many ionized materials at soft x-ray laser wavelengths and needs to be carefully

considered when analyzing experiments.

The experiment was performed using a transient 14.7 nm Ni-like Pd soft x-ray laser [10]

combined with an amplitude division diffraction grating interferometer (DGI)[5, 8]. The in-

terferometer is set in a skewed Mach-Zehnder configuration, with the principal distinguishing

characteristic being the use of diffraction gratings as beam splitters. The DGI design has

proven to be robust and capable of producing interferograms with very good visibility over
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a large field of view, as first demonstrated with a 46.9 nm capillary discharge laser [5]. The

Ni-like Pd soft x-ray laser used in this experiment produced laser pulses of few 10’s of µJ

with a typical duration in the range of 4.5 - 5.2 ps [11]. It was pumped by a sequence of a

600 ps FWHM, 1 J long pulse and a traveling wave 13 ps FWHM, 5 J short pulse generated

by the Compact Multipulse Terawatt (COMET) chirped pulse amplification laser [10]. The

resulting short duration of the soft x-ray laser pulse permits the acquisition of “snap-shots”

of rapidly evolving plasmas, greatly reducing the blurring of interference fringes that occurs

when the electron density profile changes significantly during the sampling period of the

probe pulse.

Figure 1 shows interferograms of an expanding Al laser-produced plasma. The plasmas

were heated at an irradiance of 1013 Wcm−2 by focusing a 600 ps, 3 J, 1054 nm laser into

a 3.1 mm long × 12 µm wide line focus on a 1 mm long flat Al target. The Al plasma was

generated within the path of one arm of the interferometer, and the timing between the

heating and probe beams was measured using a fast photodiode. The field of view of the

interferograms, which is significantly larger than shown (600 µm by 400 µm), allows reliable

reference fringes to be obtained. The two frames corresponding to the earlier time of the

plasma evolution (0 and 0.8 ns) show a rapid lateral expansion of the plasma together with

the formation of an on-axis density depression. At these times the fringes shift away from

the target, even in the central region of the plasma where the on-axis depression is observed.

A similar two-dimensional feature was observed in soft x-ray laser interferograms of laser

created Cu plasmas obtained using a 46.9 nm laser [12, 13]. In that case the simulations

showed that the electron density minimum in the central region of the plasma is the result

of pressure equilibrium between the irradiated plasma region and the low temperature side-

lobes, created by plasma-radiation induced ablation of the surrounding target region. The

last two frames in Fig. 1 show an interferogram in which the region close to the target

presents increased absorption, an indication of a colder plasma. Also the fringes at the

periphery of the plasma shift toward the target, a phenomenon that requires a total index

of refraction greater than 1.

In phase shift interferometry the number of fringe shifts, given by Nf = 1
λ

∫ L

0
(1− η)dl, is

negative when the index of refraction (η) of the plasma is greater than 1. The contribution

of the free electrons to the plasma index of refraction is always less than 1, as determined

by η = (1 − ne/ncrit)
1
2 where ncrit = 5 × 1024cm−3 is the critical density for λ = 14.7 nm.
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This suggests that the contribution of bound electrons to η is dominant and greater than

one, in the region where negative fringe shifts are observed. The effect was not observed

in interferograms of plasmas we generated with similar plasma heating beam conditions

using several other target materials (Ti, Cr, Pd, Mo, Au). As an example, Fig. 2 shows

interferograms for Ti and Pd plasmas, obtained at approximately the same late time in the

plasma evolution as the last frame in Fig. 1, 3 ns after the peak of the heating laser pulse.

While the corresponding Al interferogram shows negative fringe shifts on the periphery of the

plasma, the Ti and Pd interferograms show only positive fringe shifts. A possible explanation

for this difference can be found reviewing the values of the neutral atom’s real component of

the scattering factor f 0
1 at 14.7 nm. From all elements with atomic number (Z) less than 54

, Al is the only one that has a negative f 0
1 [14, 15] due to the close proximity of the 84.4 eV

photon energy to the Al L-shell absorption edge. Some elements with Z� 54, including I, Xe,

Cs, Ba, Fr, Ra, Ac, also have a negative scattering factor at this wavelength. This negative

scattering factor translates into an index of refraction greater than one (η = (1 − reλ2naf0
1

π
)

1
2

where na is the density of neutral atoms, λ is the probe beam wavelength and re is the

classical electron radius). This suggests that significant densities of neutral Al atoms, for

which the L-shell electrons have a significant contribution to η, will cause negative fringe

shifts. However, the high photoionization cross section of neutral Al and the fact that the

probe beam is not completely absorbed in the region where negative fringe shifts are observed

indicate that the neutral density of this plasma should be negligible and that the negative

fringe shifts are in fact caused by bound electrons on ions. Therefore, the real component

of the index of refraction f 0
1Z was computed for the different ions present in the plasma.

For each ionization stage the continuum absorption cross sections were calculated using a

Hartree-Slater code. The potentials were adjusted to make sure the L3 edges agree with

the experimentally measured edges[16, 17]. The absorption for the lines below the L3 edges

were subsequently added to the continuum absorption. For Al ii and Al iii the measured

line positions and oscillator strengths from Aguilar et al. [16] were used. For Al iv the n=2

to n=3 and 2p to 4s line positions and line strengths were from Savukov et al. [17] Using the

absorption coefficient, f 0
2 , the real part of the index, f 0

1 , is then derived using the Kramers-

Kronig dispersion relation. This part of the index is the bound electron contribution, so then

the number of free electron was added to determine the total f 0
1 , as discussed by Henke et

al. [14]. It should be noted that the resonance line contributions are extremely sensitive to
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the line positions and should include the effects of line broadening. The calculation uses the

best data available at this time with the possibility of further improvements in the future.

We define the “effective” f ∗
Z value as f bound

Z + f free
Z that includes the separate contributions

of free and bound electrons, where f free
Z is the number of free electrons corresponding to

the ion of charge Z with the forward scattering supraindex (0) and real part (1) subindex

omitted. We calculated the values for Al i - Al ix to be [18]: Al i = -0.85, Al ii = -4.19,

Al iii = -3.54, Al iv = -1.80, Al v = 0.84, Al vi = 3.54, Al vii = 5.30, Al viii = 6.73, Al ix

= 8. When the f ∗
Z values differ from Z (the number of free electrons corresponding to that

ion) the contribution of the bound electrons is significant. These f ∗
Z values were used to

calculate the total plasma index of refraction η = (1 − ∑
Z

nZf∗
Z

ncrit
)

1
2 , where nZ is the density

of ions with charge Z obtained from the LASNEX simulations. All ions with charge up to

Z=5 were found to make a significant negative contribution to the index of refraction. The

computed negative values of f ∗
Z for Al i-Al iv suggest that the negative fringe shifts observed

at the late times are due to the presence of a relatively high densities of these low charge

atoms. Moreover, notice that ions up to Al vii make a significant contribution to the index

of refraction. It should be noticed that this phenomena does not require a close resonance

and affects a broad range of wavelengths due to numerous bound-bound and bound free

transitions in many ionization stages.

To confirm this interpretation of the data, the LASNEX hydrocode [19] was used to

compute the 2-dimensional (2-D) ion and electron density distributions for the plasmas of

Fig. 1. Simulations were performed using flux-limited heat transport, multi-group radia-

tion diffusion, and a detailed hydrogenic configuration atomic model with non-LTE physics

for temperatures above 50 eV. The simulations were conducted using the measured tem-

poral and spatial profiles of the laser beam used to heat the plasma. Figure 3 shows 2-D

maps of the computed electron density (contours) and the corresponding average ion charge

distributions. The electron density distributions measured during the early times of the

expansion, including the lateral expansion and on-axis depression, are well reproduced by

the code, and will be discussed in a future publication. This indicates that the assumption

that the free electrons dominate the contribution to the index of refraction is valid at the

early times, as is expected from the fact that at those times the plasma is hot and only

highly ionized species are present. At later times, corresponding to the last two frames of

Fig. 1, the simulations show that the degree of ionization in the plasma periphery decreases
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as the plasma cools, resulting in significant concentrations of Al ii-Al iv ions present. The

simulation results were used to synthesize the interferograms that are shown in Fig 4. These

synthetic interferograms were calculated taking into account the contributions to the index

of refraction from free electrons and Al ions using the computed “effective” f ∗
Z factors and

the electron density and ion density distributions computed with LASNEX. The synthesized

interferogram corresponding to 0.8 ns delay shows the central density depression and the

lateral expansion observed in the measurements, and the late interferogram at 3.2 ns shows

the observed negative fringe shifts in the periphery of the plasma, in good agreement with

the experiment. In the simulations, the negative fringe shifts appear slightly earlier (at 0.8

ns) than in the experiment (1.1 ns).

It should be expected that interferograms of the late stages of the evolution of many other

laser-created plasmas involving other materials will also be significantly affected by the con-

tribution of bound electrons. Moreover, the importance of the bound electron contribution

is not always limited to plasmas with a low mean ion charge. For example, ten times ionized

Pd atoms are computed to have an f ∗
1 value that is several times that of the corresponding

number of free electrons, with the precise value of f ∗
1 depending strongly on the position

of the resonance line[18]. It is also important to realize that the relative contribution of

bound electron scattering is not always clearly evident in soft x-ray interferograms because

at these wavelengths the free and bound electrons often contribute with the same sign to

the phase delay. While soft x-ray laser interferometry allows measurements of higher plasma

densities because of better spatial resolution, reduced absorption and reduced deflection an-

gles within steep plasma density gradients, neglecting the contribution of bound electrons

to the index of refraction could, in some cases, constitute a significant systematic error in

the determination of the electron density.

In conclusion, we have demonstrated that bound electron can contribute significantly to

the index of refraction of multiply ionized plasmas at soft x-ray wavelengths in the vicinity

of absorption edges. In the case of an Al plasma the effect causes a dramatic change of sign

of the fringe shifts in interferograms aquired using λ = 14.7 nm radiation. The significance

of the result goes beyond the particular case of aluminum, as it can significantly affect the

index of refraction of many materials at soft x-ray laser wavelengths.
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FIG. 1: Sequence of soft x-ray laser interferograms (λ = 14.7 nm) of Al line focus plasmas. The

plasmas were generated by a 3 J heating beam focused into a 12 µm × 1 mm line focus. The times

are measured respect to the peak of the 600 ps heating pulse. Fringes that bend toward the target

(negative fringe shifts)are observed in the last two frames in the periphery of the plasma and close

to the target.
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FIG. 2: Comparison of interferograms obtained 3 ns after the peak of the heating laser pulse for

Ti and Pd targtes for heating conditions similar as those used to obtain the Al interferograms in

Fig. 1.
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FIG. 3: Sequence of simulated electron density contours and mean ionization distribution maps

computed using the LASNEX code for an Al plasma created with the irradiation conditions of

Fig. 1.
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FIG. 4: Synthesized interferograms computed using the calculated electron and ion densities from

Fig. 3 and the calculated scattering factors for Al ions.
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